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Outline
• A reminder: the proton spin crisis

• Progress over the last 20 years

• The resolution of the problem

- one-gluon-exchange

- the pion cloud

- input from lattice QCD

• GPDs at the JLab 12 GeV Upgrade – angular momentum
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∫01 dx g1
p (x) = ( Δ u - Δ d ) /12 + (Δ u + Δ d – 2 Δ s ) /36 

+ (Δ u + Δ d + Δ s) /9         (up to QCD radiative corrections)  

g3
A : from β decay of n

g8
A : hyperon β decay

naively  fraction of proton 
‘spin’ carried by its quarks

The EMC “Spin Crisis”

Σinv ≡ Σ (Q2 = ∞)
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• EMC Spin Paper:                  22 Dec  87 - 19 May 88
• Brodsky et al. Skyrme:        22 Feb  88 - 19 May 88
• Schreiber-Thomas CBM:     17 May  88 - 8 Dec 88
• Myhrer-Thomas OGE:          13 June 88 - 1 Sept 88

• Efremov-Teryaev Anomaly: 25 May  88 
• Altarelli-Ross Anomaly:       29 June 88 - 29 Sept 88

Ancient History of the Spin Crisis

(neither paper could explain reduction to only 14%!)
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(93 authors)

Σ = 14 ± 3 ± 10 % : 
i.e. 86% of spin of p NOT carried by its quarks
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Cohen: NO                               Data: NO
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25 May 1988
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Σnaïve → Σnaïve – Nf αs (Q2) ΔG (Q2)  
2 π

and QCD evolution ⇒ αs(Q2) Δ G(Q2) does not vanish

and polarized gluons would resolve crisis HOW MUCH?
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Scale of the Gluon Contribution
At 3 GeV2 αs ∼ 0.3

and Nf = 3, so IF all of the 

N spin carried by quarks is 

cancelled by  gluons:

Δ G = + 2 * π * 1  ∼ + 6
3 * 0.3

…actually Δ G ∼ + 4 better

- a truly remarkable result 

for which no physical explanation was ever offered
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This spurred a tremendous experimental effort 

• DIS measurements of spin structure functions 
of polarized p, d, 3He (and 6Li) at
SLAC, CERN, Hermes, JLab

• Direct search for high-pT hadrons at 
Hermes, COMPASS, RHIC to directly 
search for effects of polarized glue in the p

• This effort has lasted the past 20 years, 
with great success
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Kabuβ – Pacific Spin 07
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Bass and Thomas, 
J. Phys. G19 (1993) 925

Effect of Photon-Gluon Fusion – with axial anomaly

COMPASS: at x ∼ 3 × 10-3: |x g1
d| < 0.001

and hence |g1
d| < 0.3 , c.f. >1.0 with ΔG = 4 

and data at lower x makes it much worse 
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RHIC
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Probing ΔG in pol. pp collisions
pp → hX

h
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Double longitudinal spin 
asymmetry ALL is 
sensitive to ΔG

Next 7 slides from Bazilevsky
(PHENIX) Pacific SPIN07
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Measuring ALL
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(N) Yield 
(R) Relative Luminosity

BBC vs ZDC
(P) Polarization 

RHIC Polarimeter (at 12 o’clock)
Local Polarimeters (SMD&ZDC)

Bunch spin configuration alternates every 106 ns 
Data for all bunch spin configurations are collected at the same time

⇒ Possibility for false asymmetries are greatly reduced
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ALL: π0

pT(GeV)

Run3,4,5: PRL 93, 202002; PRD 73, 091102; 
hep-ex-0704.3599

5 10

GRSV model:
“ΔG = 0”:     ΔG(Q2=1GeV2)=0.1
“ΔG = std”:   ΔG(Q2=1GeV2)=0.4

Stat. uncertainties are on level to 
distinguish “std” and “0” scenarios? …

PHENIX Preliminary Run6 (√s=200 GeV)
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From soft to hard

exponential
fit

Exponent (e-α⋅pT) describes our pion 
cross section data perfectly well at 
pT<∼1 GeV/c (dominated by soft 
physics): 

α=5.56±0.02 (GeV/c)-1

χ2/NDF=6.2/3

Assume that exponent describes soft 
physics contribution also at higher 
pTs ⇒ soft physics contribution at 
pT>2 GeV/c is <10%

For ΔG constrain use pi0 ALL data 
at pT>2 GeV/c

hep-ex-0704.3599
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From pT to xgluon

Log10(xgluon)
NLO pQCD: π0 pT=2−9 GeV/c → xgluon=0.02−0.3

GRSV model: ΔG(xgluon=0.02→0.3) ~ 0.6⋅ΔG(xgluon =0→1 ) 
Each pT bin corresponds to a wide range in xgluon, heavily 
overlapping with other pT bins

These data is not much sensitive to variation of ΔG(xgluon) within 
our x range
Any quantitative analysis should assume some ΔG(xgluon) shape
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From ALL to ΔG (with GRSV)

)2=1 GeV2 (Q 0.3]→x=[0.02 

GRSVGΔ

-1 -0.5 0 0.5 1

2 χ
5

10

15

20

25

PHENIX Preliminary

G=-G"Δ" G=0"Δ" "std" G=G"Δ"

No theoretical
uncertainties
included

 ~ 
 0.3]→x=[0.02 

GRSVGΔ
 1]→x=[0 

GRSVGΔ~ 0.6 

Run5: hep-ex-0704.3599
Run6: Preliminary

Calc. by W.Vogelsang and M.Stratmann

⇒

“std” scenario, ΔG(Q2=1GeV2)=0.4, is 
excluded by data on >3 sigma level: 
χ2(std)−χ2

min>9
Only exp. stat. uncertainties are included 
(the effect of syst. uncertainties is 
expected to be small in the final results)
Theoretical uncertainties are not included
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Summary- Bazilevsky (PHENIX)
at Pacific SPIN07

RHIC is the world’s first and the only facility which provides collisions of 
high energy polarized protons

Allows to directly use strongly interacting probes (parton collisions)
High √s ⇒ NLO pQCD is applicable

Inclusive π0 accumulated data for ALL has reached high statistical 
significance to constrain ΔG in the limited x range (~0.02−0.3)

ΔG is consistent with zero
Theoretical uncertainties might be significant

Extending x coverage is crucial
Other channels from high luminosity and polarization
Different √s

PHENIX upgrades strengthen its capability in nucleon spin structure study
Larger x-range and new channels (e.g. heavy flavor)
W measurements for flavor decomposition
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Inclusive Jet (Inclusive Jet (πποο)) Data from Data from 
2006 2006 --> Greater > Greater DiscrDiscr’’mm

Power for Power for ΔΔgg

High-statistics (esp. at high pT) 
inclusive jet and π0 ALL data from 
2006 will select among Δg models, 
assuming a shape of Δg(x,Q2).

Significant increase in sampled 
luminosity
Polarization typically ~60%
acceptance in BEMC increased 
by a factor of 2

πποο

Δ G=G

GRSV-std
Δ G=-G Δ G=0

Projected statistical uncertainties 
for STAR 2006 inclusive jet ALL

jetjet

also analysis w/ Endcap EMC
π+ vs. π- analysis in Barrel W. Jacobs (STAR) – Pacific-SPIN07
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COMPASS
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Kabuβ - Pacific-SPIN07
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Hermes
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Conclusions – N. Bianchi Pacific-SPIN07

ΔG/G(x,μ2) = 0.071 ± 0.034(stat) ± 0.010 (sys-exp)         (sys-model)

Method II

-0.105

-0.127

ΔG/G(x,μ2) = 0.078 ± 0.034(stat) ± 0.011 (sys-exp)         (sys-model)
Method I

+0.125

-0.082

ΔG/G has been extracted by HERMES using two different methods

Syst. model uncertainties still dominating (PDFs, PYTHIA model)

ΔG/G is likely small 
and unlikely to solve the puzzle of the nucleon missing spin
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JLab
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Impact of CLAS Precision Data on Parton Distribution 
Functions

CLAS precision data more than doubled the data points in the DIS region from 
30 years of high energy polarized structure function measurements.

The much improved control of higher twist (HT) effects achieved with these 
data allows to use them in global fits of the world data to extract PDFs.

At moderate xB=0.4, the 
relative uncertainty of 
xΔG is reduced by a 
factor 3 and of Δs-Δs  by 
a factor 2. 

The dashed lines include the CLAS data in the analysis (LSS’06). 
E. Leader, A. Sidorov, D. Stamenov, Phys.Rev.D75:074027,2007.

Conclude 
|Δ G | < 0.3 
at Q2 = 1 GeV2
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Kaβus – Pacific-SPIN07

i.e. Now more like 1/3rd of proton spin carried by quarks
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a0 =  0.33 ± 0.03(stat) ± 0.05(sys+evol)

(theory)            (exp)           (evol)

a0 = 0.330 ± 0.011 ± 0.025 ± 0.028

From HERMES fit: similar results

ΔΣ = a0 in MS

Bradamante Erice 0907
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Where is the Spin of the proton?
• Modern data yields:

Σ = 0.33 ± 0.03 ± 0.05

(c.f. 0.14 ± 0.03 ± 0.10 originally)

• In addition, there is little or no polarized glue
- COMPASS: gD

1 = 0 to x = 10-4

- ALL (π0 and jets) at PHENIX & STAR → ΔG = 0
- Hermes, COMPASS and JLab:  ΔG / G small

• Hence: axial anomaly plays little or no role in 
explaining the spin crisis

• Return to alternate explanation lost in 1988 in rush 
to explore the anomaly



Operated by Jefferson Science Associates for the U.S. Department of  Energy

Thomas Jefferson National Accelerator Facility Page 37

• EMC Spin Paper:                  22 Dec  87 - 19 May 88
• Brodsky et al. Skyrme:        22 Feb  88  - 19 May 88
• Schreiber-Thomas CBM:     17 May  88 - 8 Dec 88
• Myhrer-Thomas OGE:          13 June 88 - 1 Sept 88

• Efremov-Teryaev Anomaly: 25 May  88 
• Altarelli-Ross Anomaly:       29 June 88 - 29 Sept 88

Ancient History of the Spin Crisis

(neither paper could explain reduction to only 14%!)
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One-Gluon-Exchange Correction
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OGE Correction for Hyperon β-decay

Hoggaasen & Myhrer, Z. Phys. C48 (1990) 295

F = 0.45 (fixed)
D = 0.81
D = 0.74
D = 0.60

• All correction terms proportional 
to G = αs times bag matrix elements

• Very nicely accounts for deviations 
from SU(3) symmetry
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One-Gluon-Exchange Correction

• Has the effect of further reducing the fraction
of spin carried by the quarks in the bag model 
(naively 0.65 ) because of lower Dirac component of 
wave function (/// result in any relativistic model
- e.g. recent work of Cloet et al., hep-ph/0708.3246, 
0.67 in confining NJL model)

• Σ → Σ – 3G ; with G ∼ 0.05
Σ → 0.65 - 0.15 = 0.5

• Effect is to transfer quark 
spin to quark (relativity) and 
anti-quark (OGE) orbital angular momentum
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Measurements of GE
p – Relativistic Motion Critical

• Perdrisat et al. E01-109 ― will increase range of Q2 by 50% in FY08         
(range of Q2 for neutron will double over next 3-4 years)

• With 12 GeV and SHMS in Hall C : similarly for GM
n (and GE

n)
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The Pion Cloud of the Nucleon
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Z 2 PN π
3

1 PN π
3

• Probability to find a bare N  is Z ~ 70%

• Biggest Fock Component 
is N π ∼ 20-25% and 2/3 of 
time N spin points down

• Next biggest is Δ π ∼ 5-10% 

• To this order (i.e. including terms which yield LNA 
and NLNA contributions):

• Spin gets renormalized by a factor :
Z - 1/3 PN π + 15/9 PΔ π ∼ 0.75 – 0.8
⇒ Σ = 0.65 → 0.49 – 0.52

Effect of the Pion Cloud

Lz=+1 Lz=0
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Support for Pion Cloud Picture
• Most spectacular example is the prediction*

of d > u, because of the pion cloud (p → n π+)

∫0
1 dx [ d – u ] = 2 PN π /3 – PΔ π /3

∈ 0.11 – 0.15
( in excellent agreement with latest data)

• Charge distribution of the 
neutron

• Natural understanding of quark 
mass dependence of data from 
lattice QCD (later)

* Thomas, Phys. Lett. B126 (1983) 97

J.J. Kelly
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Can one add OGE and Pion Corrections?
• Prime phenomenological need for OGE interaction 
is the hyperfine splitting of N and Δ masses, 
Λ and Σ masses, etc. – i.e. hadron spectroscopy

• In early days of chiral models believed some of 
this hyperfine splitting came from pion self-energy
differences

• Maybe double counting to include correction to Σ
from both pions and OGE??

• Modern understanding NO: from analysis of data 
in quenched (QQCD) and full QCD, from Lattice QCD
- implies 50 MeV (or less) of mΔ – mN in this way 

Young et al., Phys. Rev. D66 (2002) 094507
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Final Result for Quark Spin

Σ = ( Z – PN π/3 + 5 PΔ π /3) × (0.65 – 3 G)

= (0.7,0.8) × (0.65 – 0.15) = (0.35, 0.40)

c.f. Experiment: 0.33 ± 0.03 ± 0.05

• ALL effects, relativity and OGE and the pion cloud 

have the effect of swapping quark spin for valence 

orbital angular momentum and anti-quark orbital 

angular momentum (>60% of the spin of the proton)
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GPDs & Deeply Virtual Exclusive Processes

x

Deeply Virtual Compton Scattering (DVCS)

t

x+ξ x-ξ

hard vertices

ξ– longitudinal 
momentum transfer

x – quark momentum
fraction

–t – Fourier conjugate
to transverse impact 
parameter  

γ

- New Insight into Nucleon Structure

At large Q2 : QCD factorization theorem hard exclusive process can be 
described by 4 transitions (Generalized Parton Distributions) :

Vector :: H (x, ξ,t) 
Tensor : E (x, ξ ,t)

Axial-Vector : H (x, ξ, t) 
Pseudoscalar : E (x, ξ ,t)

~
~
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Deeply Virtual Exclusive Processes -
Kinematics Coverage of the 12 GeV Upgrade

JLab Upgrade

Upgraded JLab has
complementary
& unique capabilities

unique to JLab
overlap with other 
experiments

High xB only reachable
with high luminosity H1, ZEUS



At 12 GeV: e.g. Exclusive ρ0 with transverse target
expect to determine quark orbital angular momentum

2Δ (Im(AB*))/πT

|Α|2(1−ξ2) − |Β|2(ξ2+t/4m2) - Re(ΑΒ∗)2ξ2
ΑUT = −

Asymmetry depends 
linearly on the GPD E,
which enters 
Ji’s sum rule.

A ~ (2Hu +Hd)
B ~ (2Eu + Ed)

ρ0

Q2 = 5GeV2

K. Goeke, M.V. Polyakov,
M. Vanderhaeghen, 2001
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Confidence in Pion Self-Energies

• Recall: this is required for combining OGE 

and pion exchange corrections to spin problem

• Study the quark mass dependence of N and Δ

masses in both QQCD and full QCD –

in same lattice approach (same systematic errors), 

both CP-PACS and MILC data
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η0 is an additional Goldstone Boson , so that:

m N = m 0 +c1 mπ + c2 mπ
2 + c3 mπ

3 + c4 mπ
4 + mπ

4 ln mπ +..…

LNA term now ~ mq
1/2

origin is η´ double pole

Contribution from  η´
and π

N NN

Analysis of N and Δ Masses in QQCD
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Coefficients of non-analytic terms again model independent
(Given by:  Labrenz & Sharpe, Phys. Rev., D64 (1996) 4595)

Let:

m N = α´ + β´ mπ
2+σQQCD

with same Λ as 

full QCD

Extrapolation of N Mass in QQCD
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LNA term linear in mπ

Δ → N π contribution
has opposite sign in 
QQCD (repulsive)

Overall σ QQCD 
is repulsive ! 

Analysis of Δ Mass in QQCD



Thomas Jefferson National Accelerator 
Facility
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•• Bullet pointsBullet points

Δ (QQCD)

Δ

N (QQCD)

N

•Green boxes: fit evaluating σ’s on same finite grid as lattice
•Lines are exact, continuum results

Young et al., hep-lat/0111041; Phys. Rev. D66 (2002) 094507

ααNN ββNN ααΔΔ ββΔΔ

FULLFULL 1.24 (2)1.24 (2) 0.92 (5)0.92 (5) 1.43 (3)1.43 (3) 0.75 (8)0.75 (8)

QQCDQQCD 1.23 (2)1.23 (2) 0.85 (8)0.85 (8) 1.45 (4)1.45 (4) 0.71 0.71 
(11)(11)

•Lattice data (from MILC Collaboration) : red triangles

αN + βN mπ
2 + self-energies (LNA+NLNA)
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Confirmation of Predicted Behavior of Δ

Zanotti et al., hep-lat/0407039
Lect. Notes Phys. 663 (2005) 199 
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χ’al Extrapolation Under Control when
Coefficients Known – e.g. for the nucleon

FRR give same 
answer to <<1%

systematic error!

Leinweber et al., PRL 92 (2004) 242002
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Nucleon - Δ Splitting

Lattice analysis
⇒ pions give 40 ± 20 MeV

• Hence most of the 
N-Δ splitting comes 
from OGE – as in most
quark models

• Thus the value of αs
used in the bag model 
calculation of the exchange current
correction is more or less unchanged

• and… one can add the pion and OGE corrections to the spin sum-rule
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Final Subtlety

• Connection between models and QCD must be 
at relatively low scale

• i.e. Σ ∈ (0.35,0.40) calculated from pion cloud
and OGE is really Σ(μ2) with μ2 < 1 GeV2 

• To compare with Σinv we need a non-perturbative 
renormalization factor*: exp [∫α(μ)

0 da γ(a)/ β(a)] × Σ(μ2)

• This is rigorously less than one and working to 3 
loops# we get a factor ∈ (0.6,0.8) ⇒ Σinv ∈ (0.21, 0.32)

• Still in excellent agreement with latest data
* Bass, Crewther et al. PR D66 (2002) # Larin (&Vermasseren), PL B334 (1994)
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Summary

• Two decades of experiments have given us 
important new insight into spin structure of the p

• U(1) axial anomaly appears to play little role in 
resolving the problem 
- not as severe as in original EMC paper

• Instead, important details of the non-perturbative 
structure of the nucleon DO resolve the “crisis”

- OGE correction and pion cloud (+ relativity)
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Summary

•Instead, important details of the non-perturbative 
structure of the nucleon DO resolve the “crisis”

- OGE correction and pion cloud (+ relativity)

• Important consequence for quark model AND 
future experiments is that there is significant 
orbital angular momentum carried by valence 
quarks and anti-quarks in the proton

• Study of GPDs, especially at 12 GeV at JLab, 
will be crucial to verify this  
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